Objective: Abdominal aortic aneurysms are a major cause of death in developed countries, and thrombus and calcification of the aneurysm have been linked to increased complications. This study was conducted in order to identify the biochemical marker associated to the presence of intraluminal thrombus or calcification progression of the aneurysm. Design: Several clinical laboratory parameters were measured in patients with abdominal aortic aneurysms, in particular those already demonstrated to be related to the pathology, such as lipoprotein (a), white blood cell count, fibrinogen and high-sensitivity C-reactive protein. Most of the patients were analysed for the presence of thrombus or aorta calcification using CT angiography. Results: Unlike previous findings, we found no association between intraluminal thrombus formation and lipoprotein (a), but we evidenced that patients with lower grade of calcification tend to have higher plasma high-sensitivity C-reactive protein values compared with patients with a higher degree of calcification. Instead, no association was found with either white blood cell count or fibrinogen level. Conclusions: This study suggests that high-sensitivity C-reactive protein is a useful biomarker to assess the evolution of calcification and could be used in triaging patients to identify those who should undergo a rapid imaging, thus allowing prompt initiation of treatment or rule-out suspicious patients from non-essential imaging repetition.
Introduction
Abdominal aortic aneurysm (AAA) is a >3 cm dilation found in the distal aorta. The ultimate complication of AAA is the rupture of the aneurysm, which is a lifethreatening condition with an approximate overall mortality rate of at least 80%. [1] [2] [3] [4] [5] Efforts to limit the mortality rate depend on early detection and elective AAA repair. Although different authors have demonstrated that the risk of rupture increases exponentially with maximal aortic diameter, often reporting the relationship with biomarkers, aneurysm size does not completely represent the natural history of AAA. [6] [7] [8] Notably, in every patient with a small and not yet ''surgical'' AAA, there are no clear predictors of a fast or slow progression of its own AAA, i.e. the best interval between a radiological check and the next step is not defined. Different additional risk factors have already been identified and tested intensively, in particular the presence of intraluminal thrombus, and calcification has been extensively investigated as AAA complication. Most AAAs contain significant quantities of intraluminal thrombus, and generally, the volume is correlated with the severity of the aortic dilatation. It has been suggested that lipoprotein (Lp)(a) plays a role in thrombus formation which may explain its rise particularly in other vascular pathology where mural thrombus formation occurs, and indeed, several investigators have measured Lp(a), to assess its possible role in the pathogenesis or progression of AAA. Various degrees of mural calcification have been found to exist in most AAA 9, 10 and the risk of rupture seems to be associated with the degree of calcification. 9, 11 Until recently, vascular calcification was considered a purely degenerative, unregulated process. Since then, a causal role of inflammation in vascular calcification has been proposed [12] [13] [14] and different studies have analysed the values of analytes such as white blood cell count (WBC), fibrinogen, and C-reactive protein (CRP). The evolution of thrombus and calcification is often progressive and the lack of established prognostic indices makes the repetition of imaging to monitor AAA expansion necessary, with some important limitations such as cost or availability. Indeed, the most used tool for AAA monitoring is echography, which has a very good cost/effectiveness ratio regarding diameters, but shows several limits when it comes to a careful assessment of calcification and thrombus. An accessible and cost-effective measure such as a blood test predicting subsequent AAA progression in thrombus or calcification could be used to rule in and/or rule out patients for more expensive (MRI) and radiation inducing (AngioCT) radiological diagnostic imaging, with benefit for patients and caregivers and with important reduction of cost.
Our goal was to evaluate whether calcification and its progression are correlated with biochemical markers of inflammation and if specific biomarker(s) could be used to monitor thrombus formation. 15, 16 For the purpose of this study, we selected several bioassays based on their pathophysiologic relationship, on their economical motivation, and on their availability at our research facility. 16 In particular, we evaluated classical inflammation markers such as WBC count, fibrinogen, and high-sensitivity CRP (hsCRP), together with Lp(a). The identification of biochemical marker(s) linked to AAA calcification will be used in triaging patients, in order to discriminate those who should undergo rapid imaging to allow a prompt initiation of treatment.
Methods

Patients and specimens
We selected a consecutive sample of 100 Caucasian patients admitted to the Vascular Surgery Unit of Brescia University ''Spedali Civili'' hospital in Brescia, Northern Italy, between 2013 and 2015, for AAA resection, meeting the following criteria: we selected patients for whom a CT angiography was performed within one month before surgery. Patients who had a CRP>10 mg/L, ruptured AAA, recent infections, fever, recent trauma, patients with inflammatory aneurysm based on CT findings, with symptomatic or ruptured aneurysm, inflammatory or infectious aneurysm, or anastomotic pseudoaneurysm and malignant disease were not considered to be included in the study. The risk factors, including age (continuous), gender (male vs. female), smoking (current vs. never or former), were collected. Patients were defined diagnosed with hypertension, if the systolic blood pressure was >140 mmHg or their diastolic blood pressure >85 mmHg for more than two measurements, or if they were treated with antihypertensive drugs. A family history of cardiovascular disease was recorded if any cardiovascular disease was present within second-degree relatives. Patients were classified as affected by diabetes mellitus if the glycated haemoglobin values were higher than 6.5% or if they were prescribed with antidiabetic drugs.
The study excluded patients who had ruptured AAA, recent infections, fever, recent trauma, and CRP >10 mg/L that could represent an active inflammatory process. Demographic data and medical history of each patient were collected. 
Imaging assessment of aneurysm calcifications and thrombus
By a single radiologist, calcifications were evaluated on axial multiplanar reconstructions using 10 mm thick maximum intensity projection on three different levels: upper, middle and lower portion of the aneurysm. The absence of calcifications was scored ¼ 0; calcifications covering less than one third of aortic circumference were scored ¼ 1; between one and twothirds a score ¼ 2, and more than two-thirds a score ¼ 3. The score at the upper and lower aneurysm level was multiplied by a factor of 0.5, in order to reflect the changes in aneurysm circumference due to aneurysm shape. A global score ¼ 0 was not observed in any of the analysed patients. Scores 2 indicated a grade I, scores 3 and 4 corresponded to grade II, and scores !5 to grade III calcifications ( Figure 1 ). Patients with grade II (n ¼ 30) and III (n ¼ 13) calcifications were grouped together in the subsequent statistical analysis in order to obtain two well-balanced groups (grade I vs. grade IIþIII). Calcification assessment was repeated by a resident in Vascular Surgery, optimal inter-rater agreement with the radiologist regarding final calcification grade was found (k > 0.8). Aneurysm mural thrombus has been visually assessed by dicotomic variables (presence/absence; concentric/eccentric) and measured (maximum thickness in mm on a plane orthogonal to aortic major axis).
Blood collection and laboratory measurements
Venous blood samples were obtained from fasting overnight patients via an anticubital vein puncture without venous stasis before AAA resection. Commercially available assays were used according to manufacturer's instruction: serum Lp(a) was measured on a nephelometer (Behring analyser II) with the latex lipoprotein reagent where the lowest detection level of the method was less than 0.3 g/L. For WBC count, specimens were collected in peripheral blood sampling microtainer tube containing K 2 EDTA and analyzed using an automated blood analyzer (Coulter LH 750) within 4 h from collection. The laboratory tests for fibrinogen were performed on blood collected with sodium citrate on ACL TOP (Instrumentation Laboratory, Milan, Italy), according to the manufacturer's specifications and using HemosIL reagent system 17 (Instrumentation Laboratory). To determine hsCRP plasma levels, blood was collected in lithium-heparin tube and concentrations were measured using an immunoassay technique (Siemens Healthcare Diagnostics, Den Hague, the Netherlands) with a lower detection limit of 0.2 mg/L carried out in Dimension Õ Vista TM 1500 analyzer (Siemens Diagnostics) according to the manufacturer's instructions. If the values were high (>10 mg/L), indicating an acute inflammatory process, the measurement was discarded or repeated. The instruments were calibrated against appropriate proprietary reference standard material and verified by using the registered quality controls.
Statistical analysis
Laboratory results were reported as mean, standard deviation, or percentages and analyzed using univariate analysis according to the presence of thrombus and calcification. Differences were tested using Student's t-test for continuous variables and the logistic regression for dichotomous and unordered categorical data. p Values < 0.05 were considered statistically significant.
Results
Among the 100 patients who were enrolled for the study, 15 were rejected because of an hsCRP higher than 10 mg/L, 40 were diagnosed for the presence of intraluminal thrombus and 83 patients were assigned with a grade of AAA calcification. Indeed, 40 patients showed a calcification grade I, while the remaining 43 possessed calcification grades II and III. Patients differed by age, sex, hypertension, obesity, glucose tolerance, renal failure, family history of cardiovascular diseases, and chronic obstructive pulmonary disease. No differences were observed in AAAs localization among the enrolled patients. The median serum Lp(a) level in patients with diagnosed AAA was 0.25 g/L; the median WBC count was 7300 cells/ml; the fibrinogen median value was 338 mg/L, and hsCRP level was 2.25 mg/L. These results together with statistical values are reported in Table 1 . Thus, Lp(a) serum levels of AAA patients are undistinguishable from normal values and, in addition, the presence of Lp(a) does not correlate with the presence of thrombus. No significant difference was observed in both WBC count and fibrinogen level between the patients with calcification I and the group that comprises grades II and III, probably suggesting the presence of inflammation in both cases. In agreement with literature, data hsCRP levels were elevated in almost all AAA patients but interestingly enough the patients with a lower calcification (group I) tend to have increased plasma hsCRP levels compared with patients carrying a higher grade of calcification; in particular, the median values of hsCRP of patients with calcification I were 3.1 mg/L, while the median values of hsCRP of patients with calcification II were 2.6 mg/L. The results are shown in Figure 2 and from the statistical analysis, after adjustment for age, gender, and clinical diagnosis, a significant inverse correlation between hsCRP levels and grade of calcification is observed (p value of 0.01).
As shown in Table 2 , we explore the potential association between classical risk factors and hsCRP and found an association between hsCRP and hypertension. We also stratify these parameters by grade of aneurysm calcification with no significant association.
Discussion
We report the identification of a biomarker, hsCRP, that could be associated with the evolution of AAA calcification. The management of patients with AAA might significantly benefit from the measurement of circulating biomarkers that facilitate an early diagnosis and that could have a direct correlation with a possible fast growth of a known lesion. In particular, thrombus formation and calcification evolution are often progressive and lack established prognostic indices; this has, as a consequence, a repetition of the imaging of AAA complications with important limitation such as cost, availability, or waiting time. Our study was designed to identify circulating markers that could substantially help to identify appropriate patients for different monitoring protocols and intervention. For the purpose of this study, we selected biomarkers based on their pathophysiologic relationship, economical reasons and availability at our research facility. This study, has some limitations such as the number of participants -although it was greater than the other studies of AAA disease, the number is still quite limited; in particular, we were obliged to group calcification II with III since group III included 13 patients only. Furthermore, aneurysm calcifications have been analyzed in a standardized but qualitative way. Further studies should include a quantitative semi-automated calcium scoring method in order to improve repeatability. It could also be argued that the study is missing negative controls, but most of the patients subjected to abdominal echography and who were negative to AAA, had an inflammatory disease diagnosis, which automatically excluded them from the possibility of becoming a negative control. Moreover, we did not include plasma derived from routine laboratory examination, since we could not exclude asymptomatic AAA. Further studies with negative control will need to be carried out.
The association of AAA with increasing concentration of peculiar biomarkers has been an interesting subject for different reasons, considering the currently accepted deficiencies in the management of this condition. Most commonly, investigators have measured blood concentrations of analytes to assess its possible role in the pathogenesis or progression of AAA, 8, 18, 19 and recently Folsom et al. 16 found that multiple positive biomarkers of inflammation identify a subgroup of patients at high risk of AAA. Most of the studies performed showed a direct association between AAA diameter and biomarker increase and proposed some of the laboratory tests, in particular inflammatory markers, for the prediction of subsequent AAA progression. [20] [21] [22] However, additional complication needs to be explored. The implication of thrombus in the evolution of AAA complications has already been demonstrated and a number of studies, with the exception of some, have shown that circulating Lp(a) concentration may be higher in patients with AAA compared to healthy people, thus indicating that Lp(a) could be involved in thrombus formation. In our analysis, we assayed Lp(a) using the gold standard nephelometric technique; patients with AAA do not show higher levels of circulating Lp(a). We could speculate that the different results obtained in previous studies could be indeed related to inaccurate techniques used to evaluate Lp(a). The statistical analysis of our data revealed the absence of the association between Lp(a) values and the presence of thrombus. As a consequence, we believe that Lp(a) does not represent a useful biomarker for monitoring AAA intraluminal thrombus formation.
Though computational analysis of calcification of the coronary vessels has been validated rigorously, no such tool has been developed for larger vessels such as the abdominal aorta. 23, 24 Beside imaging, currently, no accurate methods exist in order to diagnose calcified AAAs, and clinical examination is still doubtful. For the purpose of this study, we analysed the blood levels for WBC, fibrinogen and hsCRP, but the correlation between different grades of calcification and WBC count or fibrinogen levels does not occur.
Even if WBC plays an important role in the inflammatory response involved in the initiation and progression of AAA and different authors demonstrated higher WBC count in patients with symptomatic or ruptured AAA, 25 this investigation showed no significant changes of this parameter among different grades of calcification.
The association between plasma fibrinogen and AAA has been studied extensively with conflicting results. 16 Our data suggest that no association or correlation exists between fibrinogen level and progression of calcification. It has been supposed that fibrinogen may act through several mechanisms including platelet aggregation and endothelial function. 22 Nevertheless, since in calcified AAA tissue, the endothelium is absent and totally replaced by the calcification, the lack of significant results maybe explained by the absence of a fibrinogen deposition mechanism. Therefore, although the evaluated markers are plausible biomarkers for AAA, WBC and fibrinogen are not good candidates for monitoring the presence or the progression of calcification, and other potential biomarkers should also be investigated. Activated inflammatory response in patients with AAA is revealed by elevated hsCRP in almost all the enrolled patients. Indeed, even though patients with hsCRP > 10 mg/L were excluded, the mean serum hsCRP level was above the range for supposedly healthy individuals, 7, 8 while the values of CRP were normal as shown by different authors who have demonstrated that asymptomatic patients tend to have normal values of CRP compared to patients with symptomatic AAA or with ruptured AAA who were excluded from our study. 6 We explore the potential association between the classical risk factors and hsCRP, and, as shown by other authors, we found an association between hypertension and hsCRP values (p < 0.05) thus supporting the theory that increased blood pressure is associated with (vascular) inflammation. 26 Very interestingly, we show a significant correlation between hsCRP and vascular calcifications (p ¼ 0.01). Intriguingly, hsCRP levels were higher in patients with a lower grade of calcification. This unexpected result is probably due to the fact that during the calcification process, the originally inflamed tissue is gradually replaced by calcified tissue, thus reducing the level of inflammation and, ultimately, decreasing hsCRP values. Indeed, it has been shown that endothelial cells of different origins are able to produce different molecules that can mediate endothelial function or are involved in systemic physiological or pathological process [27] [28] [29] ; in particular, CRP can be produced in aneurysmal tissue 28, 29 and the loss of living tissue could be justified due to a lower level of hsCRP in patients with higher level of calcification compared to patients with a lower grade of calcification. Quantitative analysis of CRP mRNA and protein in normal and in AAA tissue should give a wider insight into the up-regulation of CRP production during aneurysm formation. Furthermore, due to the limited number of cases and the absence of negative control, the findings from the statistic model need to be repeated in future studies.
The calcification degree of the AAA wall may hold a strong predictive value for the natural history of AAA, and treatment could be offered earlier with less resultant morbidity and mortality 30 that need the repetition of imaging to monitor AAA expansion with some important limitations such as cost, availability and time. Even if we believe that the use of hsCRP is not the central point for monitoring evolution, we believe that it could help to select the patients who could be offered diagnostic and therapeutic treatment earlier.
Conclusion
To our knowledge, we report the first identification of a biomarker that could be associated with the evolution of AAA calcification. We suggest that hsCRP evaluation could be used in triaging patients to identify those who should undergo more frequent radiological checks, thus allowing for a prompt initiation of treatment, or rule out suspicious patients from non-essential repeat imaging.
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